Natural history is an important component of any ecological or conservation research. Very often this is not given adequate attention, and observations on the genera or species are often generalized to other, supposedly similar, congeneric species. In this study, we document the natural history of fruit-frugivore interactions of Myristica beddomei (Myristicaceae) found in the mid-elevation evergreen forests of the Western Ghats, India, and determine how different these interactions are compared to other Myristicaceae species. M.beddomei has a single hard seed covered by an orange-yellow aril. Species of Myristicaceae are usually dispersed by large frugivorous birds, and also by primates in the Neotropics. In South Asia, Myristicaceae dispersal is usually by large birds such as hornbills, but our observations over several years indicate that M. beddomei is not birddispersed, even though some fruit traits suggest bird dispersal. Our observations suggest that obligate seed predators like macaques and squirrels can facilitate dispersal of the species. We discuss these observations and explore why such outliers might have evolved in the region
Introduction
Understanding an organism's natural history is fundamental to its conservation [1] [2] [3] . However, many factors contribute to incomplete natural history details for the majority of known species, including rarity, newly discovered species, and poor documentation, as is the case with many common species, especially insects. In such cases congeneric or sympatric species observations are often used as surrogates for the natural history of the focal species [4] . Though this approach can be helpful, at times it may not be reliable because the species may differ in ways that are not obvious, yet can have a strong ecological or evolutionary significance. Even though molecular tools are available to detect morphologically similar species, the ecological variance of such closely associated species has always been a challenge for ecologists [5] .
The tree family nutmeg, with over 20 genera and ca. 500 species spread across tropical Asia, Africa, America and the Pacific islands, has several common features [6] [7] . Species are generally evergreen trees, with tawny or red sap in the bark or around the heartwood. The fruits are dehiscent, have brightly coloured arils, and are adapted for bird dispersal [8] [9] [10] [11] [12] . Three major genera are found within the Western Ghats of India, namely Gymnacranthera (1 species), Myristica (4 species) and Knema (1 species) [13] .
In many places, birds such as hornbills, pigeons and starlings are the seed dispersers of Myristica species in South-East Asia [14] and Sri Lanka [11] . This information led to the generalization that all Myristicaceae species are bird-dispersed, without the species-specific ecological studies required, particularly in the Old World tropics. In the Neotropics, birds such as toucans and trogons as well as primates are also well-documented dispersers of Myristicaceae seeds [8, [15] [16] [17] . In the Western Ghats of India, the Myristica genus is particularly poorly studied, and no detailed observations on fruit-frugivore interactions are currently available. The genus is recorded in the diet of some frugivores like hornbills [18, Ravikanth personal communication] and primates [19, 20] , but no extensive observations exist on the processing of fruits and seeds by any frugivore.
In this study, we investigated the fruit-frugivore interactions in M. beddomei, a species that has not been studied at all, and compare our observations with existing information for two other species of Myristicaceae found in the Western Ghats. More specifically, we ask: 1. How different are the fruits of M. beddomei from other species of Myristica? 2. What are the potential fruit visitors of M. beddomei? 3. What are the functional roles of these visitors: are they seed predators or seed dispersers? Finally, we further emphasize the need for species-specific studies of frugivore interactions of congeneric species that may appear morphologically similar.
Methods
The study was conducted during mid-March to end of May 2006 in Kakachi, a mid-elevation wet evergreen forest (8.552 to 8.53' N and 77'38 to 77.40' E) within the Kalakad Mundanthurai Tiger Reserve (KMTR), southern India. The study was carried out in a 300 ha primary evergreen forest within the elevation range of 1,250 to 1,550 m asl. These evergreen forests receive >3500 mm annual rainfall from both the southwest and northeast monsoons. January to May and the month of September are the dry seasons, and other months experience at least 100 mm rainfall. Mean annual temperature is 24 0 C, with mean minimum temperature ranging from 14 0 to 19 0 C and maximum temperature ranging from 17 0 to 28 0 C [21] .
The species Myristica beddomei King Ann. Calc. is distributed from 1,000 to 1,500 m asl in the Western and Eastern Ghats [13] . It is a dominant, sub-canopy dioecious species [22] that flowers in early April-mid May in Kakachi. The fruits mature during April and May the following year, with most individuals fruiting in alternate years (T. Ganesh personal observation). There is only one species of Myristica in Kakachi, which was earlier referred to as M. dactyloides [19, 22] , but has recently been correctly identified as M. beddomei (R. Ganesan personal communication). The fruits are a schizocarp, and each seed is coated by orange-yellow aromatic protein-rich aril, thought to be an adaptation to attract large frugivorous birds (Fig.3 a, Information from other Myristica species was collated from the literature (Gamble and Fischer 1915-35) . In addition, fruit/seed specimens were collected in many parts of Western Ghats given in the map (Fig. 1) . 
Fruit characteristics of Myristica species
We collected 10 fresh fruits from beneath 10 randomly selected trees in the study area over the fruiting period. A total of 100 fruits and seeds were collected, and their length, width, and fresh mass were recorded. Mean values were calculated. The diameter at breast height (dbh) and height of the sampled fruiting trees were also measured.
Fruit-frugivore interactions
Arboreal animal activity was observed at selected fruiting Myristica trees in 2006 (n = 6) and 2007 (n = 4). Each tree was monitored from 06:00 to 18:00 hrs for one day, for a total of 120 hours of observations (19 hrs were lost to rain). During bouts of animal activity, we scanned the whole tree and recorded the species and number of individuals in the tree. Scans of 1-5 minutes on random individual animals recorded handling behaviour of the fruit/seed and where possible, the number of seeds eaten or discarded. Trees were a minimum distance of 2 km from each other. In addition, we opportunistically scanned 132 trees for eight years (2001-2008) during the fruiting season for potential visitors, to record total diversity of fruit visitors to M. beddomei.
Post dispersal seed predators-camera traps
Four infra-red camera-traps (CEDT, Indian Institute for Science, Bangalore) were used to monitor a postdispersal seed removal experiment [25] . The camera-traps were installed beneath fruiting Myristica trees facing a cluster of 10 fresh Myristica fruits. Four trees were sampled and a total of 40 fruits were under observation each day/night. Fruits were placed 3 to 4 feet from the trap. Each fruit was engraved with an 'X' on the outer rind prior to putting it in the cluster so that experimental fruits were not confused with naturally fallen fruit. The camera-trap was set up on 24 hour mode at 30-second interval between pictures to minimize missing any individuals. Each camera was checked every other day for battery power, number of pictures taken, and the number of seeds removed from the marked fruits. A camera trap was set for 14 consecutive days under each tree, and 56 (14 x 4) days of day-night sampling was done using the four camera traps in one location. Five locations were sampled within the study area within the broad fruiting period of M. beddomii from mid-March to end July. A total of 280 (56 x 5) days were sampled. Fruits in the cluster were changed every 7 days after the initial setup to maintain the freshness of fruits. The photographed species were identified and categorised as seed dispersers or seed predators [26] . Capture rate (captures/hours) was calculated on the basis of 12 hour periods for nocturnal species and diurnal species.
Post-dispersal seed predation on the ground was observed by fixing a 2 m thin nylon thread on the seed with non-toxic glue to record seed movements by nocturnal frugivores. The threads were traced the next morning. Twenty seeds were sampled. This was to ascertain the fate of the seeds once they are removed from under the tree. We also scanned hollows in the mid storey and subcanopy for dormouse and wood rat presence and possible hoarding of seeds by them. The fate of the seeds in these hollows was ascertained.
We also set up a few camera traps on the tree canopy and did extended watches (about 30 hours) on the fallen fruits and on the trees at night to document the nocturnal frugivores including bats.
Results

Natural history comparison
The three species of Myristica differed in their size and dispersal ability (Table 1) . Myristica beddomei had globose fruits and seeds and the fruits do not dehisce on the tree. Once ripe, the fruits fall to the ground and after a day split open to reveal the seed and aril. The mean fresh fruit length of M. beddomei was 56.6 mm (range 31 -67 mm, n = 100), width 51 mm (range: 30 -68 mm), mean fruit fresh mass was 74 g (range 40 -150 g). Mean length of fresh seeds was 34 mm (range 25 -57 mm), mean width was 30 mm (range 21-50 mm), and mean fresh mass was 18 g (range 10 -40 g, n = 100). The average tree height was 12 ± 2.5 m (mean ± SE, n = 60) and average diameter at breast height was 39 ± 10 cm (n = 60). Higher seed size ratio (length(L)/width(W)) was recorded in M. malabarica (1.85 ± 0.03 mm), followed by M. dactyloides (1.49 ± 0.03 mm), and the least for M. beddomei (1.15 ± 0.02 mm), whose seeds are spherical compared to the other two species. These differences among the species showed significance (KW : χ² = 107.80, df = 2, P = 0.0001, Fig.2 ).
The width of the seed was also higher in M. beddomei (29.29 ± 0.45 mm), followed by M. dactyloides (24.84 ± 0.56) and M. malabarica (21.01 ± 0.19). In general M. beddomei was heavier and more spherical than the other two species. These differences in the species were significant (χ² = 61.07, df = 2, P = 0.00001, Fig. 2 ). 
Species
Seed dispersal and seed predations
A total of three species of diurnal arboreal mammals were recorded, two primates -Trachypithecus johnii (Nilgiri langur) and Macaca silenus (Lion-Tailed Macaque) -and one tree squirrel, the Ratufa indica (Indian Giant squirrel). The Lion-tailed macaque and Indian giant squirrel removed the fruits, ate the aril and discarded the seeds (100%), while the Nilgiri langur was a major pre-dispersal seed predator, destroying 97% (33/34) of the seeds and young fruits that it consumed ( Table 2 ). The macaque occasionally removed the fruit and moved away from the tree, but the giant squirrel usually ate the aril within the tree; thus, the possibility of seed dispersal away from the tree exists for the macaque but not for the squirrel. During the 101 hours of observations, a total of 102 seeds were removed by the frugivores and 32 % (33/102) of these seeds were preyed upon by the langur. During the post-dispersal seed predation and dispersal experiment, we photographed 227 individual animals over 253 camera trap days. We identified a total of six vertebrate species, four of which were seed predators. Platacanthomys lasiurus (Malabar spiny dormouse) was the most common visitor, followed by Rattus rattus wroughtoni (White-bellied wood rat) and arboreal Nilgiri langur and Funambulus sublineatus (dusky striped squirrel) ( Table 3 ). The latter two were diurnal visitors. In our observations of P. lasiurus at night, seeds were removed from the fallen fruit and taken to a branch (Fig.3c ) and eaten after often discarding the aril. The tree hollows of the P. lasiurus had only fragments of the seed and all our tagged seeds were eaten. Species-level seed predation rates could be close to 100% for P. lasiuru and T. johnii. In the case of the wood rat and the squirrel, removal was low and we are not sure how many of the seeds are eaten or hoarded, as Funambulus is known to hoard seeds on ground. 
Discussion
Why is there no bird dispersal?
Though the genus Myristica is widely accepted as dispersed by birds [28, 29] , our observational study of M. beddomei at Kakachi failed to document a single bird eating the fruits or seeds of this species. Several earlier years of observation on various different trees in the site from 1991 onwards also did not show any bird activity on the tree (T. Ganesh, unpublished data). This is not because the birds known to disperse other Myristica species are absent, since the study site lies within the range of Ocyceros griseus (Malabar Grey Hornbill), Buceros bicornis (Great hornbill) and Ducula badia (Mountain Imperial Pigeon) [30] . However, these birds, especially the hornbills, are rare and the pigeon is seasonal, although it does occur during M. beddomei fruiting season.
The lack of any dehiscence of fruits on the tree may preclude any bird frugivory at all in M. beddomei. The fruits do not dehisce on the tree but do so after falling on the ground (Fig. 3b ) . In addition the seeds ratio was lowest while seed diameter and weight was highest in M. beddomei (Table 1 ). This indicates a spherical and heavy seed. One of the major determinants of fruit choice is the width of fruit or seed [31, 32] . Except for hornbills, such large diameter seeds exceed the weight of bird-dispersed Myristica seeds that large birds like Ducula can handle [33] , whereas hornbills are known to take the large-seeded fruits of Myristica elliptica and M.iners in southern Thailand [34] . But as mentioned earlier, hornbills are uncommon and were not seen during eight years of observations at our site.
Species that are known to be seed predators of other tree species, such as the Ratufa indica and the Macaca silenus, turned out to be seed dispersers of Myristica beddomei (Table 2) . However, the question remains why this species has evolved some characteristics that appear to facilitate bird dispersal? Has the site lost avian frugivores? There appears to have been no extinction at the site in the recent past that would have deprived the seed dispersal services for the species. Elsewhere in the Western and Eastern Ghats also there seems to be no major loss of large avian frugivores where M. beddomei is found. The other characteristics of M. beddomei, such as the non-dehiscent nature of the fruit on the tree and large spherical seed, however, point toward a non-avian dispersal strategy (we did not see bats coming to the fruit, which is not surprising as the fruits have no adaptation to attract bats, such as smell or fibrous fruits [35] ). Whether this dispersal mechanism has evolved more recently due to a depauperate avian frugivore fauna in the Western Ghats mediated by conspecific competition is unknown and is an area of potential research.
Unique function of aril
The aril is considered a reward for avian frugivores [36, 37, 8] . However, species that are known to be seed predators such as Ratufa indica and Macaca silenus turned out to be seed dispersers of M. beddomei by consuming the aril and discarding the seed (Table 2 ). Earlier studies from other parts of Western Ghats also recorded the macaque foraging on M. beddomei fruits [20, 38] , but it was not clear which part of the fruit was being eaten and what was discarded. Indian giant squirrels are known to hoard seeds in their nest elsewhere in the Western Ghats [39] , but we did not see any hoarding of M. beddomei seeds at our study site. We have no information about the predation of the other two species of Myristica, and anecdotal observations exist only of dispersal by birds.
Seed escape
Once the seeds escape, either being discarded by the macaque or Giant squirrels or dropped accidentally by the Nilgiri langur, dormouse or others, the seeds get buried under the leaf litter of the forest. There, several invertebrate seed predators, especially weevils and members of family Scarabaeidae, prey upon the seeds. Once the seeds germinate, the radicles are eaten by the larvae of earwigs, and fungus further reduces the chances of successful establishment of the seeds (Chetana, unpublished data). In spite of lack of primary dispersers (birds), high post-dispersal mortality, and attack by invertebrates and fungal pathogens, the species is doing well, as indicated in tree sample plots established in the site. The adult density of M. beddomei was 27 trees/ha, sapling density (1-10 cm dbh) 73/ha [22] , and seedling density 2,634/ha (R. Ganesan, unpublished data).
Frugivores that function as both predators and dispersers are considered to switch function depending on food abundance [36, 40] . In the case of M. beddomei, certain individuals fruit asynchronously with the remainder of the population and suffer 100% predation by langurs, which suggests the possibility of predator satiation in peak fruiting (unpublished data). However, during peak fruiting of Myristica (May-June), the forest is devoid of large seeds and fruit, and this is actually a period of community-level fruit shortage [21] , yet the "seed predators" did not behave as seed predators, instead feeding on the aril of M. beddomei. These animals also fed on substantial amounts of fruits; for instance, the giant squirrel was observed to consume 16 fruits out of 300-350 in the tree on a single visit, while the macaque also consumed quite a few fruits but kept moving (T. Ganesh personal observation). Feeding on arils and not on seeds may have some relationship with the nutrient requirements of the squirrel and macaque Both species are omnivores, with nutrient demands very different from the leaf monkey, which is an folivore and seed predator [41, 19] . The site is known for high levels of seed predation in many large-seeded species [22, 41] , and therefore one would expect most fruits to be eaten before the fruits dehisce and attract bird dispersers. We observed this in an adjacent fragmented forest devoid of seed predators, where large numbers of fruits on trees were left without dehiscing and many fell to the ground.
Such natural history observations are essential for each species before detailed ecological studies and conservation issues are addressed. M. beddomei, as seen from our observations, is very different from what has been assumed for the Myristica genus. The complete lack of bird dispersal in M. beddomei is probably unique to Myristicaceae, as far as we know from the published literature. The evolutionary reasons for this are not obvious, which only reinforces the need to understand the ecology of the species. We also call for detailed natural history observations of other Myristica in the Western Ghats to obtain a better understanding of the fruit-frugivore interactions in the genus. 
Implication for conservation
The mid-elevation forests of the Western Ghats where M. beddomei occurs are heavily fragmented and degraded, but the site in KMTR is unique because large stretches of evergreen forest have not seen any major changes in the recent past. There are also no records of any major hunting or poaching in the region. Few tree species have been extracted for timber and paper, although fruits of M. beddomei have been removed (prior to 40 years ago) [42] . M. beddomei also occurs along the Western Ghats in fragmented and degraded forests where densities of seed predators/dispersers are likely to be low and seed dispersal by macaques, which are severely affected by fragmentation [43] , may be an extremely rare event. In such cases there is a chance for alternate dispersers to compensate for the service, but in the case of M. beddomei it's unlikely because there are no alternate dispersers. Moreover, when species like the giant squirrels, which are normally seed predators, discard the seed intact, the seeds are generally dropped under the tree, which further limits dispersal [44] . The loss of dispersers in such dispersal-limited species therefore could have larger consequences on species recruitment than in species where there is some compensation. This further necessitates conservation action in the Western Ghats, particularly addressing fragment connectivity, to prevent genetic bottlenecks in M. beddomei.
